The recent development of optical technology has enabled the practical use of a carrier-envelope phasecontrolled monocycle electric field in the terahertz (THz) regime. By combining this technique with metal nanostructures such as nanotips, which induce near-field enhancement, the development of novel applications is anticipated. In particular, THz scanning tunneling microscopy (THz-STM) is a promising technique for probing ultrafast dynamics with the spatial resolution of STM. However, the modulation of the THz waveform is generally accompanied by an enhancement of the electric field, which is unknown in actual measurement environments. Here, we present a method enabling direct evaluation of the enhanced near field in the tunnel junction in THz-STM in the femtosecond range, which is essential for the use of the THz near field. In the tunneling regime, it was also demonstrated that the transient electronic state excited by an optical pulse can be evaluated using the THz-STM, and the ultrafast carrier dynamics in 2H-MoTe 2 excited by an optical pulse was reproducibly probed.
W hen a nanoscale metal structure is irradiated by electromagnetic waves, the near field formed on the material surface is enhanced in a confined space far beyond the diffraction limit. 1 With a metal probe (nanotip), it is possible to obtain an intense terahertz (THz) near field in a local region directly beneath the nanotip owing to the field enhancement effect. 2 Therefore, this near field not only allows THz nanoscopy of structures much smaller than the wavelength of light beyond the diffraction limit 3 but also provides a platform for studying strong-field-driven dynamics. 4, 5 Furthermore, the practical use of light with a controlled carrier-envelope phase (CEP) has recently become possible. In particular, in the case of THz waves, it is possible to spontaneously obtain CEPstable light consisting of almost monocycle pulses through optical rectification by irradiating ultrashort optical pulses to a THz antenna and various nonlinear optical crystals. 6 The application of this technology is expected to open new research areas, such as nanodevices that coherently control tunneling currents, 2, 7 THz electron guns, 8, 9 and new measurement and processing techniques as a result of combining THz waves with near-field scanning optical microscopy (NSOM) and scanning tunneling microscopy (STM). 2,10−15 For example, an ultrashort-pulse electron beam obtained by controlling the photoelectron emission from a metal probe in the time domain of a THz subcycle has realized new ultrafast electron microscopy, which enables the observation of ultrafast dynamics at the atomic scale. 9, 16 By irradiating the tunnel junction with THz pulses, an ultrafast tunneling current has been driven, and its direction can be coherently manipulated by changing the CEP of the THz pulse. 15 Recently, THz-STM has been developed using the abovedescribed mechanism, in which the tip-enhanced THz near field is operated as a transient tunnel voltage V THz , and the THz-induced tunneling current I THz is measured as a signal. Since the tip enhancement reaches a factor of 1 × 10 5 , it is possible to obtain the electric field strength necessary for the ultrafast driving of tunneling current with a relatively weak incident THz pulsed electric field. 2 In THz-STM, since the thermal expansion of the tip and sample is small, 2, 10 timeresolved measurement can be performed by measuring the current at the moment the bias voltage is applied. The carrier dynamics of optically pumped InAs nanodots and molecular orbitals of a vibrating pentacene single molecule were visualized in real space with an atomic-level locality of I THz and a high temporal resolution of sub-picoseconds. 10, 11 With the precise control and utilization of the electric field inside optical pulses, further extension toward the extreme limits of measurement and control can be expected. However, although THz electromagnetic waves are enhanced by coupling the antenna with the nanotip, as described above, the electric field waveform is also modulated simultaneously, as schematically shown in Figure 1a . This has been experimentally confirmed in NSOM and THz-STM. 15, 17 Although the theoretical description of the antenna effect and other models has been discussed, 17 to realize precise measurement and control, it is essential to develop a new method for directly measuring and quantitatively evaluating the waveform in actual measurement environments.
Here, we present a new method enabling the visualization of the enhanced THz near-field waveform over a nanotip and the tunnel junction by controlling the photoelectron emission and tunneling current in the femtosecond range. In the tunneling regime, it was also demonstrated that the transient electronic state excited by an optical pulse can be evaluated using the THz field as the instantaneous bias voltage, and the ultrafast carrier dynamics in 2H-MoTe 2 excited by an optical pulse was reproducibly probed.
■ RESULTS Experimental Setup. In this study, we performed experiments using a system constructed by combining an ultrashort-pulse laser and an ultrahigh-vacuum STM system (base pressure: <1 × 10 −7 Pa), which enables precise manipulation of the nanotip position ( Figure S1 ). A tungsten (W) STM tip coated with PtIr was used as the nanotip for measurement. As shown in Figure 1b ,c, the nanotip was irradiated with two types of optical pulses: a THz light and a probe light. The THz pulse was generated by irradiating a LiNbO 3 crystal with an infrared (IR) pulse (1035 nm, 309 fs, 1 MHz), and it was almost a monocycle with a large first peak of 1 ps width, as shown in Figure 2g . For the probe light, IR light and 517 nm light, which was generated by converting the IR light into a second-harmonic wave using a β-BaB 2 O 4 (BBO) crystal, were prepared for the two types of measurements in which the photoelectron emission current (Figure 1b) and hot electron tunneling current ( Figure 1c ) were detected as a signal.
In a previous work, the THz near field at the metal tip apex was evaluated using the THz-field-driven photoemission (photofield emission) from the nanotip. 9, 18 In our case, by using the STM setup, we realized two-dimensional (2D) analysis of the enhanced near field, including measurements in the tunnel regime. As an initial stepwise comparison, highly oriented pyrolytic graphite (HOPG), a typical material, and Bi 2 Se 3 , which has been well-studied by photoelectron spectroscopy, 19 were used as samples. The relaxation of the excited electronic states in these materials is sufficiently fast compared with temporal oscillation of the THz electric field, enabling probing of the THz pulse waveform. In the case of the Bi 2 Se 3 sample, there are fast (<1 ps) and slow (∼10 ps) relaxation components for high-energy (E − E F > 1 eV) and low-energy regions, respectively. Hot electrons excited up to the highenergy bulk and surface states are cooled to a lower state within 1 ps. Such an ultrafast response of the hot electrons allows us to probe the THz near-field waveform in the STM tunnel junction.
In the last part of this paper, we show the result of timeresolved measurement using 2H-MoTe 2 as a sample. We excited (pumped) the sample using IR light and measured the dynamics of the excited state using a THz pulse as the instantaneous bias voltage to be applied between the STM tip and sample.
Visualization of Terahertz Near-Field Waveform by Photoelectron Emission. First, we present the method and results when photoelectron emission was used for measurement. When irradiating a nanotip, photoelectron emission is induced by multiphoton absorption of the probe light (517 nm). The generated photoelectrons flow from the nanotip to an HOPG sample upon applying direct-current (dc) bias voltage V DC to the sample with respect to the nanotip and are detected by a current preamplifier. Since the photoelectron generation efficiency depends on the height of the potential barrier at the W nanotip surface, the photocurrent intensity changes with the profile of the barrier height, which is modulated by V DC and the THz near field generated on the nanotip, as shown in Figure 1b . Figure 1d shows a current−voltage (I−V) curve obtained by varying the applied sample bias voltage V DC , while the tip was irradiated by the probe light with the THz electric field turned off. The photocurrent observed for V DC ≤ 0 was due to abovethreshold photoelectron emission caused by the process of three-photon absorption. The photoelectron current increased monotonically as a function of V DC . It was also confirmed that the THz-induced photoelectron current I THz , which was generated by the bias voltage produced by the THz pulse in addition to V DC , linearly changed with the incident THz field strength, I THz ∝ E THz , in this bias voltage range ( Figure S2 ). Therefore, it is considered possible to investigate a THz nearfield waveform by measuring I THz while varying the delay time t d between the THz pulse and the probe pulse. To detect the weak signal, the pump laser generating the THz pulses was chopped at 430 Hz, and I THz (t d ) was measured by the lock-in detection method. The delay time was varied at a rate of 1 ps/ s. All experiments were performed at room temperature. Figure 2 shows the results obtained using an HOPG sample as the counter electrode of the nanotip. Figure 2a ,d shows optical micrographs of the two types of nanotips used in this study. Both tip 1 and tip 2 were fabricated by electropolishing, but tip 1 was sharper and had a longer tapered area (see Figure  S1b for more detail). The spot position of the probe light pulse was two-dimensionally scanned over the nanotip, and the I−V curve (corresponding to Figure 1d ) and waveform ( Figure 2 ) measurements were performed at each pixel position.
First, we verified that the scanning system operated correctly. When an electric field is applied, the distance between the positions probed on the tip and sample affects the measurement. Therefore, we measured the photoelectron current for V DC = 0 at each pixel, that is, the current obtained by photoelectrons reaching the HOPG sample without a THz electric field and sample bias voltage V DC (corresponding to the value at V DC = 0 in Figure 1d) . Figure 2b ,e shows the results of mapping. Each map approximately reflects the shape of the nanotip, but the intensity is low at the tip apex, because the diameter of the nanotip is smaller than the light spot size. THz waveforms were obtained by measuring the THz current I THz (t d ) at each pixel position while changing t d and maintaining V DC at +10 V. Since the photoelectron current was almost linear with respect to the voltage around V DC = +10 V, as shown in Figure 1d , I THz only depends on E THz when photoelectron emission occurs. Thus, I THz (t d ) provides a direct reflection of the waveform of the THz near field.
In ref 9, the strength of the incident THz field was 100 kV/ cm, and the enhanced near field obtained by time-of-flight measurement was 9 MV/cm, which was much higher than the dc voltage (V DC = 30 V/(3 mm)). Therefore, photoelectrons were steered back to the nanotip side, and only half the shape of the THz field was not obtained. They obtained the whole shape of the THz electric field by reversing the orientation of the setup. In our case, the strength of the incident THz field was 4.1 kV/cm, and the effective bias voltage between the STM tip and sample estimated by using the I−V curve was 0.6 V, which was lower than the applied bias voltage of 10 V. In addition, by setting the tip−sample distance close to ∼1 μm and V DC to +10 V, the strong dc electric field between the tip and sample produced a photoelectron current larger than I THz (t d ). Therefore, it was possible to measure the full change in the current, while the THz electric field direction was changed from the nanotip to the sample and vice versa.
Figure 2h−j shows the THz near-field profiles obtained for the two types of nanotips by performing measurements at A, B, and C in Figure 2c ,f, respectively. On the one hand, when measuring the THz waveform, V DC was fixed at +10 V. On the other hand, as shown by the I−V curve in Figure 1d , the photocurrent changed almost linearly with the voltage in the vicinity of V DC = +10 V. Therefore, from the slopes (dI/dV) of the photoelectron I−V curves obtained at each point for V DC = +10 V, it was possible to convert each waveform to an effective THz voltage V THz using the relationship of dI/dV = I THz /V THz , which is plotted on the vertical axis of each figure. Figure 2c ,f shows maps of I THz at zero delay time for tips 1 and 2, respectively. At the tip apex C, the peak values of V THz for both tips were larger than those at A and B owing to the enhancement effect of the nanotip; in particular, the peak value was approximately twice as large for tip 1. Figure 2g shows the incident THz waveform obtained by electro-optic (EO) sampling (see Figure S1 ). In the simple model of antenna theory, the electric field generated by nanotip enhancement is obtained by integrating the original electric field, 17 which is shown in Figure 2k . However, as shown in the figures, the measured waveform is different from the calculated one, emphasizing the importance of directly measuring the modulated electric field (see Figures S3 and S4 for more detail). By using STM tips with different tapering, it was shown that the near-field waveforms generated at the two different types of tips were different, even for the same incident THz electric field. Recently, this tip dependence has been more clearly observed using various tips of different shapes. 15 These results indicate that it is essential to directly evaluate the near field in the actual measurement environment to obtain a deeper understanding of the phenomena and for the practical use of THz techniques.
Measurement of THz Near-Field Waveform in the Tunnel Regime. We showed that the modulation of the electric field can be characterized using the photoelectronic emission. On the one hand, depending on various parameters such as the nanotip−sample distance, vacuum barrier height, THz field strength, and optical excitation energy, we can theoretically consider the regimes of photoelectronic emission, field emission, and tunneling; 9, 18 however, this has not been sufficiently confirmed experimentally. On the other hand, since the present setup employs an STM system, measurement in the tunnel regime is possible. In the measurement by THz-STM with electronic control by an electric field, evaluation of the electric field waveform under the measurement conditions becomes indispensable. To proceed, we used the probe that yielded the near-field profile of the tip (through the photoelectronic emission) to perform the measurement in the tunnel regime, that is, THz-STM measurement. Figure 3a shows a schematic illustration of the experimental setup. V DC and the current were set to 2 mV and 2 pA, respectively, to bring the nanotip closer to the tunnel region. The bias voltage was set to this low value instead of increasing the current to avoid the possibility of the sample breaking when the current increases. To suppress photoelectron emission, the original IR light (1035 nm) was used for the probe. When the tip was retracted 100 nm, the signal, which was observed in the range of 100 μm for the case of photoelectrons, disappeared, thus confirming that the signal originated from the tunnel current. HOPG and Bi 2 Se 3 were used as samples. The signal was significantly weaker for HOPG, approximately 1/100 of that for Bi 2 Se 3 , and a detailed analysis shown in Figure 3 was performed for Bi 2 Se 3 (see Figure S5 and its caption for more detail). The Bi 2 Se 3 sample was prepared by cleavage in vacuum. Figure 3b shows schematic illustrations of the measurement mechanism in the tunnel regime, (I) without and (II) with irradiation. Bi 2 Se 3 used for the analysis has a narrow band gap of ∼0.2 eV in the bulk, 19 and a metallic surface state called a Dirac cone is formed because of its topological property. Since Bi 2 Se 3 is a degenerate n-type semiconductor owing to Se vacancies, the Fermi level is located above the bulk conduction band minimum. 20 Therefore, although downward band bending occurs at the surface, it is not modulated by optical excitation because of the metallic characteristics of Bi 2 Se 3 .
Here, the tunnel current was measured instead of photoelectrons, which were observed for Figure 2 . To detect the weak signal of the THz-induced tunnel current, the IR pulse used for THz generation was chopped at 430 Hz, and I THz (t d ) was measured by the lock-in detection method, as was performed for the photoelectron measurement. If an IR light pulse is irradiated while the tunnel barrier is changed owing to THz pulse irradiation, hot electrons are produced and enhance the tunnel current I THz , where I THz depends on the delay time between the IR pulse and the THz pulse [ Figure 3b, (II) ]. Since the relaxation of hot electrons in a high-energy state occurs faster than the oscillation of the THz electric field, the delay time dependence of I THz was expected to represent a THz near-field waveform similar to that obtained by photoelectron emission measurement; however, the nonlinearity of the I−V curve affects the spectrum, which will be discussed later.
To probe the photoexcited electronic state, the V THz dependence of I THz was measured with the delay time t d fixed to zero. For this purpose, a λ/2 wave plate (HWP) for the THz range and a wire grid polarizer (WGP) were introduced in this experiment, which enabled V THz to be continuously changed in both the positive and negative voltage ranges. 15, 21 When the angle of the HWP, α, shown in Figure 3a , is rotated by π/2, the phase of the CEP, ϕ CEP , changes by π, and the direction of the electric field is reversed. Figure 3c shows the waveform of the incident THz pulse measured at HWP angles of α = 0 and α = π. The THz waveform was inverted vertically as expected. Thereby, the near-field waveform at the tip apex was also inverted, as shown in Figure 3d . These near fields worked as the transient bias Figure 2 , the waveform was slightly different from those shown in the figures. However, a common feature is that the near-field waveform is modified from the incident THz waveform. The strength of the near field shown in Figure 3d is slightly asymmetric, which may be due to the slight change in the spot position while changing the angle. However, a linear relationship was obtained between the strength of the incident THz field and that of the obtained near field (see Figure S6) .
ACS Photonics
Next, the delay time dependence of I THz induced by these two near-field waveforms was measured in the tunnel region, and the results are shown in Figure 3e . Measurements were performed for V THz = V THz 1 and V THz 2 . The THz-pulse-induced tunnel current I THz flowed from the sample to tip when α = 0 and from the tip to the sample when α = π/2, but a spectral shape similar to the near-field waveform was obtained. The fact that a delay time dependence of I THz was observed implies that the tunneling probability transiently changed with the change in the electronic state induced by the IR pulse irradiation. To confirm this effect, transient I−V curve measurements were performed for t d = −5 ps and 0 by measuring I THz while continuously sweeping V THz by rotating the WGP and HWP.
The obtained results are shown in Figure 3f . Since the transient I−V curve for t d = −5 ps represents the transient electronic state 5 ps after IR excitation, where the photoexcited state of both the tip and sample are almost completely relaxed, the shape of the transient I−V curve is considered to be similar to that of the static I−V curve without the effect of the optical pulse ( Figure S7 ). In fact, a semiconducting electronic state was obtained. In contrast, the slope of the I−V curve increased for the case of t d = 0, and the I−V curve became similar to that for a metallic electronic structure. As shown in the band diagram (II) in Figure 3b , this change corresponds to the reduction of the effective vacuum barrier by the excitation of hot electrons; the I−V curve reflects the optically excited transient electronic state.
By using the ultrafast electronic response in the tunnel junction, we can evaluate the electric field waveform by the tunnel current. The transient I−V curve depends on the delay time in accordance with the dynamics of the photoexcited electronic state. Since the relaxation of the hot electrons was fast, the excited state was almost relaxed at t d = −5 ps, and ΔI exc (V THz ) [=I THz (V THz , 0 ps) − I THz (V THz , −5 ps)] corresponds to the change in the I−V curve owing to photoexcitation. Therefore, I THz (t d ) shown in Figure 3g was simulated from the relationship shown in Figure 3h , with the near field being considered to be the voltage applied between the probe and sample. (See Figure S8 for more detail.) Unlike the case of photoelectrons, the time-resolved waveform measured by the tunneling current has a different form from the near-field waveform, because the I−V curve is nonlinear.
The peak around t d = 0 is slightly wider in the experimental curve than in the simulated curve. This is thought to be due to the relaxation time of hot electrons not being taken into consideration in the simulation. It is considered that we can measure the relaxation process of hot electrons by measuring the delay-time dependence of the transient I−V curve in more detail, which is difficult at present. Since the THz near-field waveform has a tail of over 1 ps in the region of t d < 0, the response of an electronic state with a similar relaxation time cannot be measured separately from the effect of the tail. It is expected to be possible to evaluate the excited state of a sample by conducting experiments using light pulses and THz pulses of a shorter time width in the future.
In addition, as clearly shown in Figure 3e , the waveform obtained by the tunnel current has a large positive−negative asymmetry (e.g., the ratio between the intensities of the first and second peaks) compared with the waveforms obtained by photoelectron emission shown in Figure 2 . This is because the THz near field itself has positive−negative asymmetry, as shown in Figure 3d , and the tunnel current induced by the near field is further rectified (the asymmetry is enhanced) by the nonlinearity in the I−V curve, as schematically shown in Figure 3h . Although accurate characterization of the THz waveform with the tunnel current requires a correction using the I−V curve, as shown here, it was confirmed that the THz near-field profile can be observed even in the tunnel current regime.
As has been shown, transient I−V measurement is potentially a very powerful technique for elucidating the excited electronic states and dynamics of materials with atomic spatial resolution. For this purpose, it is indispensable to evaluate the tip-enhanced near field waveform. Since the tipenhanced near field can be changed by adjusting the experimental conditions, environmental conditions, and the shape of the tip, it is extremely important to directly confirm the near-field waveform using the method described in this paper, in addition to by simulation such as by the finite difference time domain (FDTD) method.
Measurement of Time-Resolved Signal using THz Near Field as a Bias Voltage. In the last part, we show the result of time-resolved measurement using 2H-MoTe 2 for a sample. We excited (pumped) the sample using IR light and measured the dynamics of the excited state using the THz electric field as the instantaneous bias voltage applied between the STM tip and sample. The bulk 2H-MoTe 2 used in this study has an indirect band structure, but since it has direct band gap of 1.1 eV at the k point, 22 it is possible to induce the optical transition with the IR laser of our system (1035 nm). Figure 4 shows the experimental scheme and a typical result. Figure 4a shows an STM image of the sample surface. The bright spots observed in the image are attributed to intrinsic defects such as vacancies.
23 Figure 4b shows the delay-time dependence of I THz (red line). The enhanced near field of the THz probe pulse used for measurement, whose waveform was evaluated by the photoelectron method (blue line), is superimposed. The insets show the relationship between the pump and probe lights for t d < 0 and t d > 0. On the one hand, for t d > 0, similar to the case of Bi 2 Se 3 , the THz near-field waveform was observed through the fast response of the sample such as hot electrons, although the signal was small. On the other hand, for t d < 0, since the THz pulse was irradiated after the IR pulse, as shown in the inset, I THz reflects the dynamics of the excited state due to photocarrier generation. Since 2H-MoTe 2 is a conventional semiconductor, in contrast to Bi 2 Se 3 , photocarriers excited by optical pulses induce a surface photovoltage, 24, 25 leading to a change in I THz . Thus, the delay-time dependence of I THz for t d < 0 represents the carrier decay process in 2H-MoTe 2 . Figure 4e illustrates energy band diagrams of the STM tunneling junction in the steady state (without illumination) and the THz pulse-induced nonequilibrium state at the peak of the THz field (I−III). In the nonequilibrium state, when both THz and IR pulse illuminate the tunnel junction, photocarriers generated by IR pulse screen the THz field in semiconductor, and THz field is fully applied to the vacuum gap, as shown in II. Without photocarriers, THz near field partially penetrates the semiconductor surface and induces surface band bending shown in I, which reduces effective THz field applied to the vacuum gap and suppresses I THz . Therefore, in the case of III, I THz decreases as t d becomes longer where photocarriers were decreases due to carrier recombination. Figure 4c shows the results of measurement over a wide delay-time range, focusing on the t d < 0 side. Because of the limited range of the delay time, the appearance of the entire long decay component was not clear. Here, we assumed a simple model, and the relaxation of the excited state was wellfitted with a two-component exponential function with the lifetimes of τ fast = 18 ps and τ slow = 606 ps. On the one hand, τ slow , which was considered to be the carrier recombination lifetime, was also confirmed by optical pump−probe measurement. 22 On the other hand, the fast relaxation time τ fast appeared when the pump fluence was increased more than 1.5 mJ/cm 2 as shown in light intensity dependence ( Figure  4d ). The result suggests that the fast carrier recombination was due to the capture of electrons and holes by defects via Auger processes, as was observed in other transition-metal dichalcogenide monolayer (TMDC) materials, 26 because the mechanism is dominant when the photocarrier density is high. 27 Since the signal originated from the hot electrons in the case of the Bi 2 Se sample, the conductance increased for positive and negative bias voltages to give similar results. In the case of 2H-MoTe, since band bending and other surface characteristics are involved, the bias-voltage dependence of signal may become more complicated. We leave a detailed analysis to future work.
■ CONCLUSION
The combination of CEP-controlled monocycle pulses in the THz regime with metal nanostructures such as nanotips has interesting novel applications, which require a precise understanding of the THz waveform. However, when a THz electric field is irradiated to a nanostructure, the electric field is amplified, although its waveform is also modulated. Therefore, it is urgently necessary to develop a new method to directly measure and evaluate near-field waveforms in actual measurement environments.
We have succeeded in developing a new spectroscopy technique capable of visualizing the spatially resolved THz near field at a nanotip by controlling the photoelectron emission from the nanotip with subcycle time resolution. In addition, using the STM system in our experimental setup, we successfully demonstrated that the waveform can also be observed in the tunnel regime. In the tunnel regime, it was demonstrated that the transient electronic state excited by an optical pulse can be measured using the THz field as the instantaneous bias voltage. The ultrafast carrier dynamics in 2H-MoTe 2 excited by an optical pulse was reproducibly probed.
Considering the rapid development of current research on the measurement and control of the extreme quantum limit via light, CEP technology will be a key to obtaining a deeper understanding of quantum processes and for the development of new devices such as to investigate the dynamics of hot electrons 28 and spins 29−32 and to perform single-molecule measurement, 33, 34 for example. Our method, which enables the evaluation and accurate control of the CEP, is thus expected to play an essential role in the further advancement of science and technology.
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